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ABSTRACT: The present paper reports a comprehensive quantum
mechanical investigation on the luminescence properties of several
mono- and dinuclear platinum(II) complexes. The electronic
structures and geometric parameters are briefly analyzed together
with the absorption bands of all complexes. In all cases agreement
with experiment is remarkable. Next, emission (phosphorescence)
spectra from the first triplet states have been investigated by
comparing different computational approaches and taking into
account also vibronic effects. Once again, agreement with
experiment is good, especially using unrestricted electronic
computations coupled to vibronic contributions. Together with
the intrinsic interest of the results, the robustness and generality of
the approach open the opportunity for computationally oriented chemists to provide accurate results for the screening of large
targets which could be of interest in molecular materials design.

■ INTRODUCTION

Compounds exhibiting emission in the near-infrared are of
interest for the development of organic light-emitting diodes
(OLED) or light-emitting cells (LEC).1−3 Ru(II) complexes
with poly-pyridine ligands are among the most investigated
organometallic and inorganic metal complexes, especially
thanks to their strong ability to phosphoresce in this energy
range.4−12 In spite of this remarkable behavior, all those
complexes are characterized by low quantum yields, which
represent an obstacle for effective applications in technological
processes. To overcome those limitations, new transition metal
complexes with stronger quantum yields are being designed and
studied. Platinum(II) complexes seem particularly promising
candidates for their strong and tunable phosphorescence, which
could be of interest in a wide spectrum of applications such as
sensors or storage data, especially thanks to the possibility of
emitting in the 500−800 nm range.13−15 The emission
wavelength can be tuned by decreasing the LUMO energy or
by raising the HOMO energy. Other possible strategies include
the decrease of the HOMO−LUMO gap by increasing the
intra- and interligand conjugation16−18 or by introducing a
second metal center into the molecule.19,20 In a recent paper,20

a combined experimental and computational investigation was
performed on the geometric and electronic structures of several
mono- and dinuclear platinum(II) complexes with a square
planar d8 configuration of the metal (Figure 1). The ligands
consist of one or two acetylacetonate (acac) moiety(ies) and a
biphenylpyrimidine (I, IV) or biphenylpyrazine (II, III, V, VI)
bridging fragment.

The number metal atoms and/or of ligands could allow a
fine-tuning of emission wavelengths and therefore represent
crucial targets to test the robustness of new computational
methods. This prompted us to extend previous computational
investigations (limited to electronic ground states) to emission
(phosphorescence) spectra. This task is by no means trivial due
to the presence of closely spaced multiplets and to the difficulty
of managing triplet states by conventional methods. The
dimensions (and the number) of the systems suggest the use of
effective computational approaches rooted into the density
functional theory (DFT) and its time-dependent extension
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Figure 1. Compounds I−VI.
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(TD-DFT). As a matter of fact, the first triplet states of

molecular systems can be considered either ground high spin

electronic states (being thus amenable to standard (unre-

stricted) DFT computations) or excited electronic states

requiring TD-DFT computations starting from the singlet

ground state. A comparison between these two routes is one of

the aims of the present investigation.

A second point of interest is related to geometry relaxation
effects (difference between vertical and adiabatic transitions)
and to vibrational modulation of electronic spectra (the so-
called vibronic couplings). Thanks to the development of
effective analytical derivatives for both DFT and TD-DFT
methods, together with powerful and general tools for the
evaluation of vibronic couplings (including Franck−Condon,
Herzberg−Teller, and mode mixing effects), it has been

Table 1. Calculated Structural Data for I−VI: Bond Lengths (Å), Angles (deg) (B3PW91/LANL2DZ+pol./PCM)

Table 2. Absorption Data: Experiment vs TD-DFT Calculated Values (t Stands for an Absorption Peak from a Singlet→ Triplet
Excitation (B3PW91/LANL2DZ+pol./PCM))

λexp
a (nm) λcalcd (nm), oscillator strength (f) transitions involved, wt % HO−LU gap (eV)

I 408 428 f = 0.09 HO → LU 85% 3.54
338 328 f = 0.13 HO-3 → LU 60%

HO-1 → LU+1 25%

II 449 437 f = 0.03 HO → LU 92% 3.59
398 372 f = 0.07 HO-1 → LU 78%
340 356 f = 0.19 HO → LU+1 82%

III 463 457 f = 0.04 HO → LU 93% 3.38
407 392 f = 0.14 HO-1 → LU 88%
344 348 f = 0.21 HO → LU+1 89%

IV 532shb t 541 f = 0.00 HO → LU 91% 3.24
t 527 f = 0.00 HO-2 → LU 45%

HO-1 → LU 40%
481 467 f = 0.27 HO → LU 96%
430 409 f = 0.17 HO-2 → LU 84%

V 618sh t 628 f = 0.00 HO → LU 76% 3.08
503 513 f = 0.12 HO → LU 95%
453 425 f = 0.24 HO-2 → LU 91%
372 373 f = 0.48 HO-6 → LU 49%

HO → LU+1 41%
333 341 f = 0.34 HO-2 → LU+1 87%

VI 595sh t 615 f = 0.00 HO-1 → LU 96% 3.05
t 573 f = 0.00 HO → LU 77%

HO-2 → LU 13%
509 509 f = 0.10 HO → LU 91%
462 431 f = 0.25 HO-2 → LU 87%
428 396 f = 0.05 HO-5 → LU 96%
350 349 f = 0.33 HO-1 → LU+1 77%

aFrom ref 20. bShoulder.
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possible to perform a comprehensive investigation of those
aspects which have a non-negligible impact on a proper
comparison with experiments (vide infra).
Finally, in all computations, solvent effects have been taken

into account by the powerful polarizable continuum model
(PCM), which is fully adequate to describe general trends and
even to provide quantitative results in the absence of strong and
specific solute−solvent interactions (e.g., hydrogen bonds).

■ COMPUTATIONAL DETAILS
All calculations have been carried out with a development version of
the Gaussian suite of program21 using the B3PW91 hybrid density
functional,22−24 in conjunction with the LANL2DZ basis set, which
includes a pseudopotential for describing inner electrons of Pt and is
augmented with polarization functions on all the atoms except
hydrogens (exponents equal to 0.587, 0.736, and 0.961 respectively for
the d functions of C, N, and O and 0.8018 for the f function of
Pt).25−28 The choice of this couple (functional/basis set) is based on
previous results pointing out the robustness of this computational
model.12,29 Solvent effects (CH2Cl2) were taken into account using the
polarizable continuum model (PCM)30−32 in an equilibrium regime.
Full geometry optimizations have been performed for all the
compounds checking the nature of the obtained structures by
diagonalizing their Hessians. Excitation energies from the electronic
ground state and equilibrium geometries for excited states were
evaluated by means of TD-DFT and unrestricted DFT.
One-photon emission (OPE) spectra were also simulated within the

Born−Oppenheimer and harmonic approximations by a time
independent approach, which effectively takes into account the
transitions from the ground vibrational state of the initial electronic
state to all the vibrational states of the final electronic state.33 Both
vertical (same geometries for both electronic states) and adiabatic
(optimized geometry for each electronic state) models were
considered together with inclusion (vertical Hessian, VH, or adiabatic
Hessian, AH) or not (vertical gradient, VG, or adiabatic shift, AS) of
frequency changes and mode mixing between the two electronic states.
In all cases, the Franck−Condon approximation was enforced, namely
that the transition moment is only marginally affected by (small)
geometry modifications. Further details can be found in ref 33. On the

basis of test computations, the VG approach will be our standard in
the following, except for some selected cases.

All of the spectra have been generated and managed by the VMS-
draw graphical user interface.34 For some specific cases, the lowest
normal modes were removed from the vibronic treatment in view of
their marginal role in the spectrum and poor description at the
harmonic level. Composition and plot of frontier orbitals were
determined respectively thanks to the Gaussview and Chemissian
packages.35,36

■ RESULTS AND DISCUSSION

Structural Investigation. Table 1 lists some structural
parameters for the fundamental singlet and first triplet states of
compounds I−VI. The bond lengths (C−N, C−C, C−O)
around the platinum atom are given for all compounds. For
compounds I and II, the rotation of the phenyl group
represented by the dihedral angle (φ), formed between the
phenyl and the aza moiety, appears to be weakly hindered.
Except for the possible torsion of phenyl group (which is much
larger in II than in I due to the stronger hindrances it
experiences in the former case) in the ground electronic state,
the geometrical parameters of all the molecules are quite
similar. Indeed the Pt−N distances always remain between 1.98
and 2.00 Å.
The Pt−C bond lengths have the same behavior except for

complexes III and VI, which exhibit larger distances. This trend
can be explained by the strong delocalization inside the ligand.
Compared to the ground states, a few general trends can be
observed in the excited states. In particular, one of the Pt−O
bond lengths increases when going from S0 to the triplet,
whereas the other Pt−O and, especially, the Pt−C bond lengths
decrease, the latter showing a stronger shortening for
monometallic complexes (0.02−0.05 Å) than in the case of
bimetallic ones (0.01−0.04 Å). At the same time, the φ angle
decreases dramatically in the excited electronic states of I and II
due to an increase of the electronic delocalization.

Absorption. TD-DFT computations have been performed
at the optimized geometries of the S0 electronic states to

Figure 2. Experimental vs computed electronic absorption spectra of I (a), III (b), IV (c), and VI (d) (solvent included) (B3PW91/LANL2DZ
+pol./PCM).
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investigate the absorption properties of the targeted complexes
and compared to the available experimental data (Table 2,
Figure 2, and Supporting Information).20 All computed
excitations are in reasonable agreement with the experimental
data, confirming this computational method, in line with

previous investigations.12,29 A more detailed analysis can be
based on a direct vis-a-̀vis comparison of the available
experimental spectra20 with those issuing from vibronic
simulations. Figure 1 shows that the methodology used is
robust and allows a direct vis-a-̀vis comparison with the

Table 3. Emission Data: Experiment vs TD-DFT, Unrestricted-DFT Electronic and Vibronic Calculated Values (B3PW91/
LANL2DZ+pol./PCM)

electronic vibronic

expa TD-DFT unrestricted AS (TD) AH (TD) AS (unr) AH (unr) VG (unr) VH (unr)

I 521 573 554 566 592 557 582 527 522

II 554 716 639 616 574 575
578 673 612 604

III 568 629 609 588 575 573

IV 558 623 571 580 552 552
594 628 598 599

V 628 797 733 705 665 664
685 780 730 715

VI 628 707 645 670 716 610 624 611 613
aFrom ref 20.

Figure 3. Experimental (black) vs simulated phosphorescence spectra at the vertical level of theory. VG (blue), VG + Shift (dashed), VH (red), VH
+ Shift (dashed)
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observed absorption spectra. Indeed, for all the compounds, all
the absorption bands are reproduced in our simulations, and
also the peak intensities match their experimental counterparts.
Thanks to this accuracy, it becomes possible to assign
unambiguously the absorption bands (Table 2). As already
discussed in a previous paper by Williams et al,20 the first
transition is mainly a HOMO to LUMO transition with a
strong metal-to-ligand charge transfer (MLCT) character.
Indeed, as expected, the HOMOs involved in the transitions
exhibit a strong platinum character (especially its d orbitals),
leading to the so-called MLCT (the contributions are reported
in Supporting Information). Acac moiety plays a negligible role
in the transitions due to its marginal contributions in the
frontier orbitals. The C4N2 ring possesses the strongest
accepting ability, and therefore the LUMO and LUMO+1 of
each compound are strongly localized on this moiety and, in
the case of the LUMO, more precisely on both nitrogen atoms.
For the bimetallic complexes, symmetry constraints impose
equal contributions of both Pt atoms and both acac moieties in
the MOs. As suggested by Williams and co-workers, a spin-
forbidden transition (singlet to triplet) occurs for some
biplatinum complexes and is well reproduced in our
computations.20

However, nothing related to this singlet → triplet excitation
has been discussed on VI, whereas, according to our
computations, two excitations also appear at 615 and 573
nm. These values fit nicely with the observed tail around 600
nm in the experimental spectrum. The computed data reported
in Table 2, and the simulated spectra in Figure 2 fit nicely with
experimental data. One should notice that some asymmetric
bands are well reproduced in our computations which involve
several electronic states. Vibrational progressions, if not
negligible, are thus masked by overlapping Gaussians describing
the average behavior of electronic states: under such circum-
stances, explicit vibronic computations are of marginal interest.
Phosphorescence. The phosphorescence wavelength was

first studied by conventional open-shell DFT computations
(unrestricted) of the first triplet state. In this case the electronic
wavelength was obtained as the energy difference between the
optimized triplet open-shell (ET,r(T)) and a single-point
calculation of the singlet closed-shell with the optimized
geometry of the triplet (ES,r(T)). This method gives on average
an error around 0.15 eV. While the error is higher for

complexes II and V, it remains acceptable even in this case
(<0.30 eV) (Table 3).
This preliminary study paves the way to more refined

calculations based on vibronic transitions. As one can see in
Table 3, the vibrational contributions affect the position of the
peaks. In every case, the unrestricted method provided accurate
results in term of position. Furthermore, the “cheap” AS and
VG levels of theory show a substantial agreement with respect
to experiment. Indeed, after inclusion of these corrections in
the VG case, the average error on each peak falls around 0.06
eV with respect to experiment. Upon additions of Hessian
effects, the peaks are all shifted to lower energies, with the
exception of I (VH).
Let us now discuss the global band shape. Contrary to

absorption spectra, the phosphorescence ones involve only one
final electronic state (S0), so that any asymmetry (or fine
structure) in the spectral shape can only originate from vibronic
effects. Figure 3 shows the overall spectra obtained by
unrestricted DFT electronic computations together with VG
or VH treatments of vibronic contributions. The band shape for
each compound is well reproduced by our computations, giving
further support to the reliability of the underlying computa-
tional approach. Indeed, it is observed that complex II has two
intense peaks, with a difference of ca. 30 nm, and the first
slightly less intense in comparison to the second one. This
behavior is well reproduced by our computations. Furthermore,
for complexes III and VI, experimental and observed
phosphorescence spectra are almost identical. For complexes
IV and V, despite a slight discrepancy on the shoulder intensity
of the curve, the localization of the peak is, once again, in good
agreement with experimental data. As tests cases, the band
shape of I and VI have also been investigated after a Hessian
diagonalization on both structures (ET,r(T) and ES,r(T)). As a
matter of fact, the resulting spectrum (VH) fits slightly better
the experimental one.
Conventional TD-DFT computations from the S0 ground

electronic state led to larger and less systematic errors. In
particular, complexes I, III, IV, and VI shared a systematic error
of ca. 10%, which is quite typical for this level of theory. On the
other hand, the error for II and V reached 25%, a value too high
to allow any reliable investigation. If one compares the TD-
DFT electronic energies with respect to the experimental ones,
the disagreement is always above 0.20 eV, and up to 0.50 eV
(II), with a mean value of about 0.30 eV (based on the highest

Figure 4. Stick and convoluted phosphorescence spectrum of VI (a). Main components of the shift vector along normal modes of the initial
electronic state (b) (blue and red refer to positive and negative sign, respectively)
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experimental energy values). However, upon addition of the
vibronic coupling, the error drops, ranging from about 0.07 to
0.30 eV, with an average around 0.20 eV. It is of interest to
analyze the main normal modes ruling the vibrational
progressions of the emission spectra. In Figure 4a, the
simulated phosphorescence spectrum of complex VI, is
superimposed to the stick spectrum showing the different
vibrational contributions at the VG level of theory. As one can
see, the band maximum does not correspond to the 0−0
transition but to excited vibrational levels. To characterize the
principal vibrational progressions, the main components of the
shift vector (i.e., the gradient of the final state projected on the
normal modes of the initial state) is shown in Figure 4b (the
projections of the shift vectors along all the normal modes are
given in Supporting Information).

One can notice that the third normal mode of the triple state
(unrestricted), whose computed harmonic frequency is 56
cm−1, dominates the shift vector, followed by non-negligible
(although at least 6 times lower) contribution by normal modes
10, 14, 20, 26, and 32, whose computed harmonic frequencies
are 133, 202, 263, 361, and 455 cm−1, respectively. These six
modes (3, 10, 14, 20, 26, 32) are sketched in Figure 5. It is
noteworthy that all of these modes involve out-of-plane
displacements and receive significant contributions from the
acac moiety. Actually, modes 3, 10, 26, and 32 involve
exclusively the acac moiety. This point is remarkable because
this moiety is only weakly involved in the electronic transition
(cf. Absorption section), but contributes strongly to tune the
overall band shape.

Figure 5. Normal modes 3 (a), 10 (b), 14 (c), 20 (d), 26 (e), and 32 (f) of the triplet state of VI.
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■ CONCLUSIONS AND PERSPECTIVES
From a methodological point of view, the B3PW91 hybrid
functional in conjunction with the LANL2DZ valence basis set
and pseudo potential confirms its reliability and robustness for
analyzing structural and spectroscopic features of transition
metal complexes involving, inter alia, platinum and ruthenium,
together with different kinds of conjugated ligands.12,29 For
high spin states, both conventional unrestricted DFT and TD-
DFT (starting from the singlet ground state) computations can
be performed with the first approach, providing more reliable
results. Inclusion of vibronic couplings then leads to remarkable
agreement with experiment: positions, intensities, and band
shapes are nicely reproduced in our simulated spectra. It is
noteworthy that the acac moiety gives a marginal direct
contribution to the electronic transition but tunes the band
shape through vibronic couplings.
These results pave the route toward new interactions

between theory and experiment to design advanced molecular
devices. Nevertheless, some limitations are still present
especially concerning proper account of the spin−orbit
coupling, which would allow the computation of absolute
(instead of relative) intensities together with Herzberg−Teller
effects. Recent developments in this specific area37−39 pave the
route toward more refined yet feasible computations. Another
significant aspect is the proper treatment of inner electrons
beyond the pseudopotential approach employed in the present
work. Here again, effective relativistic models are already
available or are being developed, which can be profitably used
in the near future. Work is in progress along these directions in
our laboratory, together with the definition and investigation of
suitable benchmarks, to assess the performances of electronic
and vibronic approaches in the field of large transition metal
complexes in their natural environment.
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